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Summary
The full complement of proteins required for the
proper regulation of genome duplication are yet to be
described. We employ a genetic DNA-replication model
system based on developmental amplification of Dro-
sophila eggshell (chorion) genes [1]. Hypomorphic
mutations in essential DNA replication genes result in
a distinct thin-eggshell phenotype owing to reduced
amplification [2]. Here, we molecularly identify the
gene, which we have named humpty dumpty (hd),
corresponding to the thin-eggshell mutant fs(3)272-9
[3]. We confirm that hd is essential for DNA amplifica-
tion in the ovary and show that it also is required for
cell proliferation during development. Mosaic analy-
sis of hd mutant cells during development and RNAi
in Kc cells reveal that depletion of Hd protein results
in severe defects in genomic replication and DNA
damage. Most Hd protein is found in nuclear foci, and
some may traverse the nuclear envelope. Consistent
with a role in DNA replication, expression of Hd pro-
tein peaks during late G1 and S phase, and it re-
sponds to the E2F1/Dp transcription factor. Hd pro-
tein sequence is conserved from plants to humans,
and published microarrays indicate that expression
of its putative human ortholog also peaks at G1/S [4].
Our data suggest that hd defines a new gene family
likely required for cell proliferation in all multicellu-
lar eukaryotes.
Results and Discussion
humpty dumpty Is the Gene Mutated in fs(3)272-9
Because all previously identified amplification mutants
represent essential regulators of DNA replication, we
pursued the molecular identification of fs(3)272-9, a fe-
male-sterile mutant that was previously isolated in an
ethyl methanesulphonate (EMS) screen in the labora-
tory of C. Nusslein-Volhard [5]. Females homozygous
for fs(3)272-9 are viable and normal but lay eggs that
have thin eggshells and do not hatch (compare Figure
1A to 1C). Previous Southern-blot analysis showed that
fs(3)272-9 eggshells are thin because of a chorion gene
amplification reduction, which results in production of
smaller amounts of eggshell proteins [3]. To confirm
and extend this result, we examined chorion gene am-*Correspondence: calvi@mail.med.upenn.eduplification in fs(3)272-9 via the BrdU assay that we de-
veloped. In this assay, amplification can be visualized
as BrdU foci within follicle-cell nuclei beginning at oo-
genesis stage 10B, when most other origins are not
active (Figure 1B) [6, 7]. This indicated that fs(3)272-9
has a severe defect in amplification (Figure 1D).
The analysis of more severe alleles of fs(3)272 indi-
cated that it also has an essential function earlier in
development. fs(3)272g2 is a γ-ray-induced allele (pro-
vided by J. Tower). We also identified two other alleles,
l(3)82Ff and l(3)82Fk, created by A. Carpenter [8]. The
large deletion Df(3R)3-4 failed to complement all al-
leles. Females with fs(3)272-9 over Df(3R)3-4 were via-
ble and laid eggs with thin shells. fs(3)272g2 or l(3)82Ff
over Df(3R)3-4 died as pupae during metamorphosis,
whereas l(3)82Fk was semilethal, and surviving females
produced thin eggshells (data not shown).
The genetic location of fs(3)272-9 had been pre-
viously mapped to the middle of the third chromosome
[3]. We refined the genomic location of fs(3)272 by mo-
lecularly characterizing Df(3R)3-4 and smaller noncom-
plementing deletions that we created. Expression of the
cDNA for candidate gene CG2669 in stage-10 follicle
cells of the ovary fully rescued the fs(3)272-9 thin-egg-
shell and BrdU phenotypes (Figures 1E and 1F). Ex-
pression of the CG2669 cDNA throughout development
also rescued l(3)82Ff lethality (data not shown). We
therefore conclude that CG2669 is the gene corre-
sponding to the amplification mutant fs(3)272-9. Be-
cause the original allele has a thin-eggshell phenotype,
we have named this gene humpty dumpty (hd).
Sequencing of the hd coding region in the mutant
strains also confirmed that CG2669 corresponds to the
fs(3)272 complementation group (Figure 1G). hd is widely
conserved in multicellular eukaryotes from plants to hu-
mans with one ortholog in each genome, but we did
not identify a sequence similar to hd in the yeasts
S. cerevisiae and S. pombe (see Figure S1 in the Sup-
plemental Data available with this article online). De-
spite its conservation, little is known about this gene
family. The mouse sequence was named Downstream
of son (Donson) owing to genomic position, but its
function is unknown [9].
Inspection of the predicted Hd protein indicated that
it contains a potential bipartite nuclear localization sig-
nal (NLS), a potential cyclin-dependent kinase (CDK)
phosphorylation site, and a HEAT repeat-like region,
which is a potential protein-protein interaction domain
(Figure 1G; Figure S1; data not shown; for review, see
[10]). Besides these motifs, sequence provides little in-
sight into hd function.
Hd Protein Expression Peaks during Late G1 and S
Phase and Responds to E2F1/Dp
To facilitate analysis of the essential function of hd, we
raised affinity-purified polyclonal antibodies against the
full-length Hd protein and two peptides from the middle
and C-terminal regions of the protein. On Western
blots, all antibodies recognized a protein of the pre-
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756Figure 1. humpty dumpty (CG2669) Is Required for Chorion Gene
Amplification and Is the Gene Mutated in fs(3)272-9
Bright-field images of eggshells (A, C, and E) and confocal images
of BrdU labeling (red) at amplification foci in follicle-cell nuclei
F
(
(TOTO-3, blue) (B, D, and F). g
(A and B) Wild-type. H
(C and D) fs(3)272-9 homozygotes. m
(E and F) Representative example of rescue of fs(3)272-9/Df (3R)3-4 t
by expression of the CG2669 cDNA from the UAS:hd transgene in
follicle cells with c323GAL4.
a(G) Organization of the 568 amino acid (aa) Hd protein. Alleles, aa
positions of mutations, and phenotypes are shown in black. Boxes c
represent the sequence motifs that resemble a nuclear localization a
sequence (NLS), CDK phosphorylation site (CDK), and HEAT-repeat- a
like region (HEAT-like). The scale bar represents 100 m in (A), (C), b
and (E) and 10 m in (B), (D), and (F).
s
(dicted size (w63 kDa); this protein was diminished or
p
absent in the mutant animals (Figure S2; data not E
shown). Lower-molecular-weight bands were also seen o
on some blots, which epitope tagging suggests may b
represent degradation products or isoforms of Hd (Fig- s
ure S2; data not shown). Consistent with its essential m
function, Hd protein was widely expressed throughout r
development in embryos, larvae, and adult flies (data t
not shown). E
All Hd antibodies labeled fixed cells in the same e
pattern, which was reduced or absent in hd mutants, c
indicating that the antibody labeling represents Hd pro- p
tein in cells (see below). Hd abundance peaked during e
S phase in cycling cells throughout development (data m
not shown). This was most clearly evident in the syn-
chronized cell cycles associated with the morphogene- h
tic furrow of the eye imaginal disc (Figures 2A–2C). Al- d
though Hd was present throughout the cell cycle, T
tlabeling with cell-cycle markers suggested that theigure 2. Hd Protein Peaks in Late G1 and S Phase
A–C) Synchronized cell cycles within and posterior to the morpho-
enetic furrow (MF) of the eye disc (posterior to right). (A) shows
d (green) and (B) shows BrdU (red), and in (C), Hd and BrdU
erge. The labeling in S phase was approximately 3-fold greater
han that for nuclei in early G1. The scale bars represent 10 m.bundance of Hd peaked in late-G1 and S-phase nu-
lei, consistent with a possible S-phase function. It is
lso possible, however, that this increase in immunore-
ctivity in S phase could be due to Hd antigen accessi-
ility. Examination of Hd in the wing disc was also con-
istent with peak expression beginning in late G1
Figures S3A and S3B).
hd expression, like many genes important for S
hase and expressed in late G1, responded to the
2F1/Dp transcription factor (Figure S3C). Examination
f the hd promoter also revealed an E2F consensus
inding sequence 21 bp upstream of the transcription
tart site (data not shown). This is consistent with
icroarray results that indicated that hd transcript is
educed in fly S2 cells depleted of E2F1 by RNAi, al-
hough we have not determined whether regulation by
2F1 is direct [11]. Published microarrays indicate that
xpression of human hd also peaks at G1/S [4]. The
onservation of sequence and cell-cycle expression
rofile between flies and humans suggests that the
ssential function of hd may be widely conserved in
ulticellular eukaryotes.
d Is Required for Cell Proliferation
uring Development
o investigate the essential function of hd, we turned
o analysis of the null lethal mutants. Animals that have
humpty dumpty
757Df(3R)3-4 in trans to hdg2 or hdFf survive until metamor-
phosis, likely owing to abundant maternally supplied hd
mRNA [5]. These animals had small brains, no identifi-
able imaginal discs, and small, under-replicated poly-
tene chromosomes in the salivary glands (Figure S4;
data not shown). These phenotypes are reminiscent of
defects seen in cell-proliferation mutants, including
those that function in DNA replication [12]. Consistent
with this, labeling with BrdU indicated that DNA synthe-
sis was severely reduced in the hd mutant brains (Fig-
ure S4).
To carefully examine potential cell-proliferation de-
fects in hd mutant cells, we conducted a mosaic analy-
sis with the FLP/FRT mitotic recombination system
[13]. Induction of GFP− hd mutant clones and GFP+
wild-type twin spots permitted a direct and controlled
comparison of their proliferation at the same time and
place in development (Figure 3A) [14]. This indicatedFigure 3. Cells Lacking Hd Have Proliferation Defects and Reduced Genomic DNA Replication
(A and B) hdFf mutant clone (arrow, non-green) and wild-type twin spot (bright green), generated from hdFf/+ cells (intermediate green). (A)
shows GFP, and (B) shows Anti-Hd. Seventy-two hours after induction of mitotic recombination, Hd protein is diminished in the mutant clones
(hdFf/hdFf) and increased in the twin spot (+/+) in comparison to the heterozygous cells (hdFf/+).
(C and D) Quantification of average area (C) and average cell number (D) for GFP− clones (black bars) and GFP+ twin spots (green bars).
Control clones were generated in wild-type animals, and hdFf clones in hdFf/+, as shown in (A) and (B). Mean clone area was based on 48
mutant and 42 control clone/twinspot pairs. Mean cell number per clone was based on 36 mutant and 32 control clone/twinspot pairs. The
GFP+ twin spots were larger in the mutants than in controls, likely owing to an imaginal-disc cell-competition and compensation phenomenon
known to occur in the presence of cells with a proliferative disadvantage (for review, see [21]). Similar proliferation defects were obtained for
the hdFk allele (data not shown).
(E–H) RNAi inactivation of hd in Kc cells. Cells were treated with either of two different Hd double-stranded RNAs (dsRNA) (Hd-1 or Hd-2) or
a control nonspecific dsRNA (NS RNA) twice over 8 days. (E) A Western blot of Hd protein from Kc cells is shown. Lane 1, untreated; lane 2,
NS RNA; lanes 3 and 4, Hd protein is reduced to undetectable levels after treatment with either Hd-1 or Hd-2 dsRNA. Tubulin was used as a
loading control. (F–H) FACS of DNA content in Kc cells treated with NS RNA (F), Hd-1 (G), and Hd-2 (H). Depletion of Hd results in an increased
population with a 2C or 2C–4C intermediate DNA content (>60% versus 26% in control). The scale bars in (A) and (B) represent 10 m.that hd mutant wing-disc cells could divide a limited
number of times and produce clones, likely owing to
the observed perdurance of the Hd protein (Figures 3A
and 3B; data not shown). In third-instar larvae 72 hr
after induction, however, Hd protein is depleted, and
the clone area and number of cells for the hdFf mutant
clones were significantly smaller in relation to their
paired twin spots (Figures 3B–3D). Most of the hd mu-
tant cells did not label with antibodies for activated
caspase 3, suggesting that apoptosis was not a major
contributor to reduced cell number (data not shown).
We therefore conclude that hd is required for normal
cell proliferation.
hd Is Necessary for Genomic Replication
and Prevention of DNA Damage
Analysis of the hd mutant clones by fluorescence-acti-
vated cell sorting (FACS) indicated that there was an
Current Biology
758increased proportion of hdFf mutant cells with a 2C or
intermediate 2C–4C DNA content (56%) in relation to
GFP+ control cells (44%) (Figures S5A and S5B). To
confirm these results by a different method, we de-
pleted Hd protein from Drosophila Kc cells via RNAi.
Treatment with Hd dsRNAs, but not control NS dsRNA,
resulted in quantitative depletion of Hd protein (Figure
3E). Consistent with the results from wing discs, deple-
tion of Hd protein resulted in a large increase in the
proportion of cells with a 2C or 2C–4C intermediate
DNA content (>60% versus 26% in control) (Figures
3F–3H).
To further investigate the possible DNA replication
defect in hd mutant cells, we labeled hdFf clones with
BrdU. In comparison to wild-type cells, the hd mutant
cells that labeled with BrdU always had greatly reduced
incorporation: They were labeled only faintly through-
out the nucleus (Figures S5C and S5D). Together, the
BrdU and FACS results indicate that some hd mutant
cells fail to enter S phase, whereas others progress
through S phase slowly, suggesting that a DNA-replica- F
tion defect underlies the reduced cell proliferation in A
Ocells lacking Hd. Unlike the cases of some other genes
(required for S phase, overexpression of hd in wing-disc
ncells neither changed cell-cycle phasing nor increased
o
DNA ploidy as assayed by FACS and BrdU incorpora- n
tion (data not shown) [14–17]. t
We also found that hdFf mutant cells have a signifi- s
tcant increase in the number of repair foci that label with
dantibody against the phosphorylated form of the Dro-
gsophila histone variant H2AV, which is found at sites of
(
DNA double-strand breaks (Figures S5E and S5F) [18]. c
We favor the model that replication forks stall and re- h
solve into double-strand DNA breaks in hdFf mutant t
acells, which is consistent with the proposed replication
(function of hd (for review, see [19]). However, it is also
bpossible that double-strand breaks are the cause,
H
rather than the consequence, of DNA replication de- o
fects. c
(
bHd Protein Is Located Predominantly
iin Nuclear Foci
A
To gain insight into Hd function, we evaluated the cellu- w
lar location of Hd protein by high-power confocal mi- c
croscopy. In amplification-stage follicle cells of the i
ovary, all affinity-purified Hd antibodies labeled numer-
ous nuclear foci (>50/nucleus) that differed in size and
intensity. There was also a low level of nuclear labeling l
ooutside the prominent foci and a small number of cyto-
plasmic foci (Figure 4A). This labeling pattern of Hd was t
wobserved in all cycling cells throughout development
(data not shown). The nuclear labeling was drastically n
4reduced in hdFf null cells of the wing discs and in the
hd272-9 hypomorph follicle cells, confirming that it in- o
mdeed reflects the distribution of Hd protein (Figure 3B;
see Figure 4B below). In endocycling follicle cells, label- w
oing of chromatin with TOTO-3 and the nuclear envelope
with Lamin C indicated that most bright Hd foci do not O
fcolocalize with chromosomes and that some appear to
traverse the nuclear envelope (Figure 4D) [20]. f
iThe requirement for hd could reflect its activity locally
at origins or replication forks or a more global role in the l
aregulation of S phase. To examine whether Hd could actigure 4. Hd Protein Is in Nuclear Foci
mplification-stage follicle cells double labeled for Hd (green) and
rc2 (red) from the wild-type (A) and hd272-9 (B).
A) In the wild-type, antibody against full-length Hd protein labels
umerous foci within nuclei (dotted outlines). Similar results were
btained with the antibodies raised against the Hd peptides (data
ot shown). In these stage-10B follicle cells, the Orc2 localization
o the third and X chorion loci are most prominent. Hd foci are not
trictly coincident but often overlap with Orc2 foci at the amplifica-
ion origins (see inset for third-chromosome locus). Hd labeling
oes not resemble the BrdU double-bar pattern indicative of elon-
ating replication forks at chorion loci [6].
B) Most Hd foci are diminished in hypomorphic hd272-9 follicle
ells. Only one or two prominent Hd foci remain in these stage-10B
d272-9 follicle cells. The remaining Hd foci do not correspond to
he Orc2 labeling, which is retained but reduced in intensity in this
mplification mutant, at amplifying chorion origins.
C) A giant polyploid nurse-cell nucleus, from a stage-7 egg cham-
er, labeled for Hd (green) and BrdU (red); the labeling shows that
d foci are not coincident with replication foci, although a low level
f Hd protein outside of the prominent Hd foci does overlap repli-
ation foci (see inset).
D) Wild-type stage-7–8 follicle cells triple labeled for DNA (TOTO-3,
lue), Hd (green), and Lamin C (red). The majority of Hd labeling is
n the interchromatin space, which does not label with TOTO-3.
rrowheads designate some examples of Hd foci that colocalize
ith Lamin C and span the nuclear periphery. All images are single
onfocal sections. The scale bars represent 10 m in (A)–(D), 2 m
n the inset in (A), and 1 m in the insets in (C) and (D).ocally at chorion amplicons, we labeled for Hd and the
rigin binding protein Orc2. In single confocal sections,
he prominent Hd foci were not perfectly coincident
ith Orc2 at amplification foci, although they were often
ear each other and in some cases overlapped (Figure
A). The low level of Hd labeling outside Hd foci also
ften overlapped Orc2 at chorion (Figure 4A). In the
issense mutant hd272-9, the overall level of staining
ith Hd antibodies was drastically reduced, with only
ne or two large nuclear foci remaining (Figure 4B).
rc2 was still localized to amplification origins in hd272-9
ollicle cells, but was reduced commensurately with
ewer amplified DNA fibers (Figure 4B). The few remain-
ng Hd foci did not correspond to Orc2 at the amplifying
oci. Low levels of the initiation protein CDC45 were
lso seen at chorion foci in hd272-9 (data not shown).
humpty dumpty
759These data indicate that some origin licensing and initi-
ation occurs, but because hd272-9 is not null, it does not
distinguish at what step Hd protein acts.
We next evaluated the location of Hd during genomic
replication in giant ovarian nurse-cell nuclei labeled for
Hd and BrdU. Although most of the prominent Hd foci
were not coincident with BrdU replication foci, a low
level of general Hd labeling did appear to overlap sites
of DNA synthesis in many regions (Figure 4C). There-
fore, it appears that some Hd protein is localized to the
vicinity of active genomic replication and amplification
replicons. Given the widespread labeling of Hd, how-
ever, it remains possible that the overlap of Hd with
sites of DNA synthesis is stochastic. Coimmunoprecipi-
tation experiments with candidate replication proteins
and DNA footprinting at the third-chromosome chorion
origin did not provide evidence that Hd acts locally at
origins (data not shown).
Our data indicate that hd is required for develop-
mental DNA amplification and cell proliferation in Dro-
sophila. Depletion of Hd resulted in reduced genomic
replication and increased DNA damage, and some Hd
protein may colocalize with sites of amplification and
genomic replication. These observations, together with
the precedent that all other amplification mutants rep-
resent essential regulators of origins, lead us to favor
the model that Hd has an active role in DNA synthesis.
However, it is unclear whether Hd acts at origins or rep-
lication forks, and it remains possible that Hd does not
have a direct role in amplification and genomic replica-
tion. The conservation of sequence and G1/S expres-
sion between flies and humans suggests that hd de-
fines a new phylogenetic gene family required for cell
proliferation in multicellular eukaryotes.
Supplemental Data
Detailed Experimental Procedures and several supplemental fig-
ures are available at http://www.current-biology.com/cgi/content/
full/15/8/755/DC1/.
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